Cytochrome c oxidase subunit II (COII), encoded by the mitochondrial genome, exhibits one of the most heterogeneous rates of amino acid replacement among placental mammals. Moreover, it has been demonstrated that cytochrome c oxidase has undergone a structural change in higher primates which has altered its physical interaction with cytochrome c. We collected a large data set of CO11 sequences from several orders of mammals with emphasis on primates, rodents, and artiodactyls. Using phylogenetic hypotheses based on data independent of the CO11 gene, we demonstrated that an increased number of amino acid replacements are concentrated among higher primates. Incorporating approximate divergence dates derived from the fossil record, we find that most of the change occurred independently along the New World monkey lineage and in a rapid burst before apes and Old World monkeys diverged. There is some evidence that Old World monkeys have undergone a faster rate of nonsynonymous substitution than have apes. Rates of substitution at four-fold degenerate sites in primates are relatively homogeneous, indicating that the rate heterogeneity is restricted to nondegenerate sites. Excluding the rate acceleration mentioned above, primates, rodents, and artiodactyls have remarkably similar nonsynonymous replacement rates. A different pattern is observed for transversions at four-fold degenerate sites, for which rodents exhibit a higher rate of replacement than do primates and artiodactyls. Finally, we hypothesize specific amino acid replacements which may account for much of the structural difference in cytochrome c oxidase between higher primates and other mammals.
Introduction
Cytochrome c oxidase is an indispensable enzyme which is found in all organisms that perform aerobic respiration. In its active form in the mammalian mitochondrion, cytochrome c oxidase is a dimeric enzyme composed of two monomers, each of which contains 3 subunits (I-III) encoded by the mitochondrial genome and 10 encoded by the nucleus (Cooper, Nicholls, and Freedman 1991) . The essential role played by COI-III is indicated by the fact that these are the only subunits with homologs in both eukaryotes and prokaryotes. Cytochrome c oxidase performs a four-electron reduction of oxygen (to form water) in conjunction with the transfer of protons into the intermembrane space during the final stage of electron transfer. The electrochemical gradient formed by this process creates much of the energy needed to synthesize ATI? COII, the third largest component of the cytochrome c oxidase complex, plays one of the most pivotal roles in respiration.
It is the sole binding partner with cytochrome c and is the first recipient of its electrons. These electrons initially pass to the Cu, site of cytochrome c oxidase, which is composed of two copper atoms coordinated with six ligands (two cysteines, two histidines, a methionine and a peptide car-bony1 of a glutamate), all contributed by COII. The glutamate ligand at the CuA site plays a dual role in that its side chain also is a ligand (along with two residues from COI) for a magnesium atom. This Mg center prob- ably performs a role in the transfer of electrons to CO1 (Tsukihara et al. 1995) .
CO11 exhibits one of the most heterogeneous rates of protein evolution among mammals, and in primates the gene product demonstrates changes in its physical interaction with cytochrome c. While important observations in themselves, these facts gain added significance in light of the dependence of aerobic respiration on the proper functioning of COII. Gillespie (1986) compared CO11 proteins from a human, a mouse, and a cow and calculated an index of dispersion (ratio of variance to mean) of 35.55, concluding that the human lineage experienced a four-to six-fold higher rate of replacement, a conclusion similar to that of Cann, Brown, and Wilson (1984) based on restriction site data. Ramharack and Deeley (1987) determined that most of these amino acid replacements occurred after primates split from rodents and artiodactyls, but before apes and Old World monkeys split from each other. In terms of functional interaction with cytochrome c, Osheroff et al. (1983) determined three different patterns among primate cytochrome c oxidases: a pattern among lower primates which was indistinguishable from that of nonprimates, a moderately modified pattern in New World monkeys, and a highly modified pattern in apes and Old World monkeys. Cytochrome c shows a corresponding increase in amino acid replacement rates among higher primates (Baba et al. 1981; Goodman 1981) , and this raises the possibility of coordinated changes in the two proteins to produce the patterns observed by Osheroff et al. (1983) .
In this paper we closely examine the rate heterogeneity and functional change of COII in primates. Our method was to sample CO11 sequences from throughout most of the eutherian mammal radiation with emphasis on primates, rodents, and artiodactyls. These three orders were chosen for study because their fossil records allow one to date some of the branching events in their 1394 Adkins et al. phylogenies.
Using these dates and phylogenetic information provided by independent studies, an elevated rate of amino acid replacements in the CO11 gene can be pinpointed along some primate lineages, whereas no rate heterogeneity involving amino acid replacements was observed among rodents and artiodactyls.
Two explanations could possibly explain the heterogeneity in nonsynonymous replacement rates in primates: changes in the constraints acting on amino acid substitutions or a generalized increase in the rate of nucleotide substitution, both silent and nonsilent. To distinguish between these hypotheses we examined rates of substitution at four-fold degenerate sites. Primates do not exhibit heterogeneity in their rates of replacement at these silent sites, indicating that it is only nonsynonymous sites which are affected. However, we do find a consistently higher rate of silent substitution in rodents. Finally, our broad sampling of CO11 from 74 species of mammals allows us to confidently determine the relative variability of each residue of CO11 and to suggest particular amino acid changes in CO11 which may account for its altered interaction with cytochrome c among higher primates.
Materials and Methods

Phylogenetic
Hypotheses and Dates Sequences (table 1) were taken from previously published sources (Anderson et al. 198 1, 1982; Bibb et al. 198 1; Brown and Simpson 1982; Gadaleta et al. 1989; Adkins and Honeycutt 1991 , 1994 Arnason, Gullberg, and Widegren 1991; Ruvolo et al. 1991; Arnason and Johnsson 1992; Disotell, Honeycutt, and Ruvolo 1992; Pumo et al. 1992; Miyamoto et al. 1994; Honeycutt et al. 1995) . The rabbit, Oryctolagus cunniculus, was an unpublished entry into GenBank (accession number X64 107).
It is our aim to describe the evolution of the CO11 gene. Therefore, the phylogenetic hypotheses used to examine CO11 gene evolution were derived from data or sources other than CO11 gene sequences. In an effort to obtain a phylogeny for primates, we performed a combined analysis of epsilon-globin (4,325 positions; Bailey, Slightom, and Goodman 1992), interphotoreceptor retinoid binding protein (1,255 positions; Stanhope et al. 1992) , 0.9 kb of mitochondrial DNA extending from the end of ND4 to the beginning of ND5 (Hayasaka, Gojobori, and Horai 1988) , beta-globin (447 positions; from GenBank), and gamma-globin (12,944 positions; . The A allele of the gamma-globin locus was used for this analysis. Accession numbers for the beta-globin sequences are: human = VO0497, Gorilla = X61 109, M. mulatta = X05665, T. syrichta = 504429, Galago = M61740, and Lemur = M15734. These sequences were tandemly aligned and a branchand-bound parsimony analysis, as implemented by PAUP 3.1.1 (Swofford 1993) , was performed using taxa present in two or more of the data sets. This analysis produced a phylogeny ( fig. 1A ) congruent with the "traditional" view of primate relationships (Groves 1989; Martin 1990 ). Divergence dates are based on the following: oldest tarsioid at 55 MYA (Beard, Krishtalka, and Stucky 1991) , oldest anthropoid at 35 MYA (Fleagle et al. 1986) , oldest catarrhine at 22 MYA (Pickford 1986) , oldest hominoid at 17 MYA and oldest pongid at 12 MYA (Andrews 1986) , and oldest hominid at 6 MYA (Hill and Ward 1988) .
The phylogenetic relationships of artiodactyls have not been as thoroughly studied as those of primates at the molecular level. Therefore, our hypothesis ( fig. 1B ) of artiodactyl relationships was based on a consensus among a number of previous studies of ruminant relationships. The following are the support for the nodes and their datings: B. taurus/B. gaurus (Wall, Davis, and Read 1992) at 2 MYA (Pilgrim 1947) , SyncercuslBubalus (Bolken 1961; Groves 1981) at 5 MYA (Savage and Russell 1983) , BoslSyncercuslBubaZus (Bolken 1961; Groves 198 1; Wall, Davis, and Read 1992) at 10 MYA (Savage and Russell 1983) , BoselaphuslTragelaphus (Gentry 1978; Groves 198 1; Allard et al. 1992; Gatesy et al. 1992) , Bos through Tragelaphus (Allard et al. 1992; Gatesy et al. 1992) , GazeZZalCapra (Fitch and Beintema 1990; Allard et al. 1992) , Bos through Capra (Allard et al. 1992 ) at 20 MYA (Savage and Russell 1983) , OdocoiZeuslCervus (Miyamoto, Kraus, and Ryder 1990) at 12 MYA (Miyamoto et al. 1993) , Antilocapra sister to other ruminants (Gatesy et al. 1992 ) at 25 MYA (Allard et al. 1992) , and Sus sister to ruminants (Fitch and Beintema 1990; Douzery and Catzeflis 1995) .
As with artiodactyls, our hypothesis ( fig. lc ) of rodent phylogenetic relationships was based on a consensus among a number of molecular and morphological studies of rodents. The support for the nodes and dates for rodents are as follows: HystricognathiEciurognathi (Beintema 1985; Bugge 1985; De Jong 1985; George 1985; Lavocat and Parent 1985; Luckett 1985; Sarich 1985; Shoshani et al. 1985; Wood 1985) , Georychusl Cavia split at 37 MYA (Wyss et al. 1993 ), monophyletic Geomyoidea (Falhbusch 1985 George 1985; Luckett 1985; Sarich 1985; Vianey-Liaud 1985; Wahlert 1985) , Geomyslcratogeomys split at 6 MYA and Perognathusl geomyid split at 30 MYA (Korth 1994) , monophyletic Muroidea (Flynn, Jacobs, and Lindsay 1985; Sarich 1985) , Rhizomyidae/other Muroidea (Flynn, Jacobs, and Lindsay 1985; Sarich 1985) , earliest muroid at 36 MYA (Flynn, Jacobs, and Lindsay 1985) , PeromyscuslMicrotus (Beintema 1985; Brownell 1983; Sarich 1985; Shoshani et al. 1985) at 10 MYA (Catzeflis et al. 1993) , Murinae/Gerbillinae (Brownell 1983; Flynn, Jacobs, and Lindsay 1985) at 21 MYA (Jaeger 1977) , MerioneslGerbillurus at 6 MYA (Catzeflis et al. 1993) , and MuslRattus at 11 MYA (Catzeflis, Aguilar, and Jaeger 1992) .
Rates of Nucleotide Substitution
The number of nonsynonymous substitutions per nonsynonymous site (KA) among pairwise comparisons was calculated by the approach of Li (1993) , which uses the method of Kimura (1980) (Felsenstein 1991) . This method (Fitch and Margoliash 1967) seeks to minimize the sum of the squared deviations between the estimated pairwise distances between taxa and the length of the path connecting those taxa in the phylogenetic tree. Divergence dates were assigned to some nodes in the phylogenetic hypotheses based on the first occurrence in the fossil record of any member of the descendant clade. Knowing that the first occurrence in the fossil record will tend to underestimate the age of a lineage, an effort was made to utilize dates that seem unlikely to be revised upward dramatically.
An exploratory analysis for rate heterogeneity was performed by constructing plots of time versus branch length (KA or TV). Because not all nodes could be dated, not all branches are included in these plots. Internal branches which were bounded by two dates were included in the plots. For the most external dates on the trees (i.e., those dates that simply determine the divergence time among a set of extant taxa), only the length of the pathway leading to one taxon "below" and one taxon "above" the dated node were included in the plots. This approach should reduce the effects of phylogenetic nonindependence among the points in the plot. Methods of linear regression and tests of significance of slopes followed techniques described by Zar (1984) .
Relative rate tests were performed by the method of Wu and Li (1985) . At the degree of evolutionary divergence studied in this paper, silent substitutions at two-fold and four-fold degenerate sites exhibit levels of divergence too high to allow reliable statistical analysis (even when only transversions at four-fold degenerate sites were considered), while there are too few nondegenerate substitutions at two-fold degenerate sites to permit the approximation to the normal distribution used by Wu and Li (1985) . Therefore, only nondegenerate sites were analyzed for rate heterogeneity in most cases.
Results and Discussion
Rates of Evolution
Our first step in examining rate heterogeneity in CO11 was to perform an exploratory analysis to determine those branches among mammals along which an elevated number of amino acid replacements may have occurred. To do this, we plotted the length (KA or TV) of the branches shown in figure 1 versus the amount of time they encompass.
As seen in figure 2, across the entire span of time included within each of the trees, only three branch lengths exceed 0.044 substitutions per nonsynonymous site. The three points which do exceed 0.044 are the branch preceding the split between Macaca and the hominoids (Hylobates through Homo) at 0.085 substitutions per site over 13 Myr, the terminal branch leading to Macaca (0.054 substitutions/site over 22 Myr), and the terminal branch leading to Lqothrix (0.084 substitutions/site over 35 Myr). Each of these three points seems conspicuously out of place relative to any value observed among the rodents, artiodactyls, or remaining primates. These elevated rates do not seem to reflect a persistent rate increase among all higher primates as evidenced by the fact that rates among apes (the several points concentrated below 20 Myr) are well in line with rates observed for rodents and artiodactyls at similar times.
The graph in figure 2 gives the impression of high rates of nonsynonymous replacement along select parts of the primate phylogeny, but it is unclear if these differences are any greater than might be observed at random. To clarify this question, we performed a series of relative rate tests at increasing levels of divergence to infer along which branches rates are significantly accelerated. We used the relative rate test of Wu and Li (1985) , which compares the amount of nonsynonymous and synonymous change seen in two lineages relative to a more distantly related lineage. In each test the amount of change at nondegenerate sites was compared in two lineages relative to their most closely related outgroup. The numbers of transitions and transversions at nondegenerate sites was determined by the method of Li (1993) .
As shown in figure 2: (1) an elevated number of substitutions accumulated at some point along the lineage leading to Lagothrix, (2) there was a high rate of substitution before Homo and Macaca split from each other, and (3) apes have returned to a "normal" rate of replacement while the lineage leading to Macaca has accumulated a higher number of nonsynonymous substitutions. These findings are in agreement with those of Ramharack and Deeley (1987) , who, in a comparison of human, macaque, rodent, and cow CO11 sequences, determined that most of the amino acid change in primates occurred before human and macaque diverged. Given the extremely low P values for the comparisons between Tarsius and higher primates, one may suspect that much of this is due to Tarsius having an exceptionally low rate. A relative rate test between Tarsius and Lemur is marginally significant and would support that contention. However, it seems likely that the magnitude of difference between Tarsius and the higher primates can mostly be ascribed to very high rates along certain branches of monkeys and apes.
On the basis of the relative rate tests described above, it appears that there are three branches on the tree shown in figure 1A along which nonsynonymous rates are high. The remainder of the primate branch Downloaded from https://academic.oup.com/mbe/article-abstract/13/10/1393/1020363 by guest on 17 January 2019 lengths plotted in figure 2 seem to follow a roughly linear pattern with increasing divergence time. An even more interesting observation is that rodent and artiodactyl branch lengths also appear linear with time, and there is considerable mixture of data points for the three orders at similar divergence times, suggesting similar rates of nonsynonymous substitution.
To further investigate this observation we performed least-squares regressions on branch lengths (excluding the three fast branches) from each order. For each regression the data fit the line surprisingly well, with 1-2 = 0.929, 0.646, and 0.754 for primates, rodents, and artiodactyls, respectively. We found that the slopes (slope = 0 can be rejected with P < 0.005) describing these lines were quite similar for primates, rodents, and artiodactyls, being 8.04 X 10m4, 7.12 X 10-4, and 4.49 X lop4 KJMyr, respectively. Indeed, the difference among these slopes is not significant (P = 0.38). These results suggest that for all three orders there has been a similar "background" rate of nonsynonymous substitution since their divergence. This further emphasizes the aberrant nature of the fast rates along some primate branches. Of course, the finding of similar slopes should not be misinterpreted.
Particularly, one should not suppose a "clock" for nonsynonymous substitutions, because we have demonstrated that substantial rate heterogeneity does exist and these rates can be greatly altered by any type of nonpurifying selection. An additional concern to address is the possibility of nonindependence among points in the plots. Although we have made an extensive effort to keep every point in figure 2 independent of all others, there undoubtedly remains some interdependence among points within each order. However, there is no reason to think that lack of independence within each order would artificially increase the similarity of their slopes.
One might argue that the rate differences seen among primates are the result of a high rate of DNA substitution, both synonymous and nonsynonymous, rather than a high rate only among nonsilent replacements. This argument can be refuted by two means. One means is by relative rate tests on synonymous substitutions. Because of the high numbers of synonymous substitutions among primates at most of the levels of divergence examined, a statistically meaningful comparison usually cannot be made. However, a relative rate test is possible between Homo and Macaca (table 2) . Here, it is seen that although they have significantly different numbers of nonsynonymous substitutions, they do not differ in terms of synonymous substitutions. A second means is by comparison of branch lengths for nonsynonymous substitutions and transversions at four-fold degenerate sites. Figure 3 shows a plot of divergence time versus transversions at four-fold degenerate sites for the same branches plotted in figure 2. In the transversions plot, the three branches which are aberrantly high for nonsynonymous substitutions fall well in line with the values for other branches among primates. These two findings argue in favor of our observations being the result of a greater acceptance of nonsynonymous substitutions, rather than a generally high DNA replacement rate.
Two other important conclusions can be drawn from figure 3. The first conclusion is that primates and artiodactyls have very similar rates of transversions at four-fold degenerate sites. As with the plots for nonsynonymous substitutions, the data points for primates and artiodactyls are described quite well by a simple linear regression, with S being 0.86 and 0.68 for primates and artiodactyls, respectively. In fact, the slopes (slope = 0 rejected with P < 0.005) for the two lines are not significantly different (P = 0.21). This discovery contrasts strongly with the other major conclusion to be drawn from figure 3, which is that rodents have a higher rate of transversions at four-fold degenerate sites. At almost every date in the plot, rodents fall well above the primates and artiodactyls. In fact, rodents begin to exceed 
FIG. l.-Phylogenetic hypotheses for primates (A), artiodactyls (B)
, and rodents (C). Jukes and Cantor (1969) corrected transversions per four-fold degenerate site (above slash) and numbers of nonsynonymous substitutions per site (Li 1993 ; below slash) are listed along each branch. For convenience in presentation, all values are multiplied by 1,000. Numbers in boxes are divergence dates in MYA. A, Phylogenetic tree produced by a parsimony analysis of a tandem alignment of several independent nucleotide data sets. Heavier lines indicate branches along which rates of nonsynonymous substitution appear to be elevated. The same species of New World monkey was not present in each data set, and so the monophyly of New World monkeys was assumed. Those regions of the gamma-globin sequences identified as products of gene conversion by were recoded as missing and did not affect the topology of the tree. B, Phylogeny of artiodactyls based on consensus among several earlier studies of ruminant relationships.
C, Phylogeny based on congruence among numerous studies of rodent relationships. 0.23 substitutions per site at 6 Myr, a level primates reach only after 35 Myr of evolution. Because of a presumed rapid saturation of synonymous substitutions, the level of divergence exhibited by rodents quickly plateaus and cannot reasonably be described by a simple regression. High rates of silent nucleotide substitution in rodents have also been observed for other mitochondrial and nuclear genes (Wu and Li 1985; Honeycutt et al. 1995) , suggesting that this is a general phenomenon.
Easteal, Collet, and Betty (1995) provide two arguments against a higher molecular evolutionary rate in rodents. First, they point out that Wu and Li (1985) based their conclusion on the assumption that artiodactyls, rabbits, and carnivores are an outgroup to primates and rodents, and this may not be true. This problem does not pertain to our findings because they are not based on a relative rate test and assume no relationship among primates, rodents, and artiodactyls. Second, previous authors have used rodent divergence dates similar to ours, Table 2 Relative Rate Tests and Easteal, Collet, and Betty (1995) have questioned the accuracy of those dates. Inaccuracy of fossil dates is unlikely to explain our finding of a high rate in rodents. If we were to assume that silent transversion rates are the same in the three orders we examined, then Geomys would have split from Cratogeomys and Microtus from Gerbillurus around 25-30 MYA, long before any fossils exist for those taxa. Even more dramatically, assuming rate equality would require that the Peromysqd Microtus and gopher/Perognathus splits occurred about 50 MYA, and that Tachyoryctes diverged before there is even any evidence that rodents were in existence! At any rate, if our divergence dates were grossly in error, it seems unlikely that the rates for substitutions at nonsynonymous sites among rodents would have been so linear with time or so in concordance with rates among primates and artiodactyls. DeWalt et al. (1993) Millions of Years rate of total nucleotide substitution in gophers than in muroid (i.e., MUS) rodents. We examined this question by means of a relative rate test on nonsynonymous substitutions and by examination of figure 3 . A test (table  2) on nondegenerate substitutions provides no indication of a faster rate of evolution in gophers relative to Mus. An examination of figure 3 also supports this conclusion. At 6 Myr, Geomys and Crutogeomys exhibit 0.13-0.17 transversions per four-fold degenerate site, whereas the muroid rodents Meriones and Gerbillurus exhibit 0.26 substitutions per site. This conclusion concurs with the finding of Honeycutt et al. (1995) of no significant difference in the rate of transversions at third codon positions. One explanation for our different conclusions relative to DeWalt et al. (1993) and Honeycutt et al. (1995) is that they used a binomial test on all nucleotide substitutions, while we used the distance-based test of Wu and Li (1985) and made a distinction between synonymous and nonsynonymous sites.
Variability in the Gene and Structural Considerations
An examination of the number of invariant amino acid positions and the total number of alternate amino acid states in a sliding window of 12 residues ( fig. 4) indicates that there are four regions of relatively high conservation in COII. The region centered around residue 108 contains a string of mostly aromatic residues that have been implicated in electron transfer with cytochrome c. Two (Gln-103 and Glu-109) residues within this region are known (Lappalainen et al. 1995) to directly bind with nuclear cytochrome c. Within the stretch of residues extending from positions 101 to 113, only two positions exhibit any variation among the 74 species of eutherian CO11 sequences examined, indicating extreme conservation of sequence. Two other regions of conservation are centered around residues which serve as ligands for copper or magnesium (Tsukihara et al. 1995) and are known (Lappalainen et al. 1995; Witt, Zickermann, and Ludwig 1995) to directly bind with cytochrome c (Asp-158, . Presumably this localized conservation of primary sequence is necessary to preserve the orientation and surrounding chemical nature of those ligands. The final region of conservation is located near the carboxyl end of the second transmembrane region (around residue 84). To date no specific function has been ascribed to this region. However, its degree of conservation suggests a potential function relative to proton translocation or interaction with another of the 13 subunits of mammalian cytochrome c oxidase. Osheroff et al. (1983) performed heterologous reactions among cytochrome c and cytochrome c oxidase derived from human, Old World macaque, New World spider monkey (Ateles), slow lot-is, horse, and cow. They found a rate of oxidation in the cross-reaction of human with macaque similar to the rates among cow, horse, and loris. However, in cross-reactions of human or macaque with horse or cow, the rate of oxidation dropped dramatically.
The reaction of AteZes with cow or macaque yielded intermediate rates of oxidation. This was not caused by reduced binding affinity, but was the result of a change in the physical interaction of cytochrome c and cytochrome c oxidase.
Several positive lysine residues on cytochrome c interact with negative aspartate and glutamate residues on COII. Osheroff et al. (1983) modified one of the lysine (position 13) residues of cytochrome c by the addition of trinitrophenol, which eliminated the positive charge of that lysine and considerably increased its volume. Despite reducing the binding affinity, this modifi- (Tsukihara et al. 1996 ) and a span of primarily aromatic residues that presumably are involved in electron transfer. Asterisks indicate the locations of six residues that serve as copper or magnesium ligands. There were 63 total alternative residues observed in the final region of COII.
cation increased the rate of oxidation by almost fourfold. This indicated that native human cytochrome c forms an unusually tight complex with nonprimate cytochrome c oxidase. Addition of a bulky aromatic group to a lysine opened the active site.
The exact basis of this altered interaction of ape and Old World monkey components with lower primate and nonprimate components may be investigated through examination of the large comparative data set for primate CO11 presented here. As this alteration is a shared feature of catarrhine primates (apes and Old World monkeys), one promising approach is to focus attention on the 15 amino acid changes in CO11 that are unique and fixed among the apes and Old World monkeys. Four of these sites (218, 221, 222, and 223) occur within the last 11 carboxyl terminal residues, a region of hypervariability among all eutherians ( fig. 4) , and therefore are of questionable importance.
Of the remaining 11 sites, five (sites 41, 42, 119, 153, and 184) are conservative changes which preserve the polarity or size of those positions, two (45 and 55) change the polarity of their sites, and two (117 and 123) are ambiguous in that they exhibit residues of varying sizes and degrees of polarity among nonprimates.
The two remaining sites (114 and 115) exhibit what may be significant changes (Ramharack and Deeley 1987) . Both of these sites are adjacent to the aromatic stretch of residues that perform electron transfer with cytochrome c. In all other eutherians one or both of these sites are occupied by the carboxyl-bearing residues aspartate and glutamate, and this region directly interacts with cytochrome c (Lappalainen et al. 1995) . It is only in the apes and Old World monkeys that both of these sites bear glycine residues. This type of change is potentially significant for three reasons: (1) it represents a loss of negative charge in this region; (2) glycine bears only a hydrogen atom as its side group, a substantial reduction in molecular volume; and (3) the absence of a bulky side group at both sites permits an unusually large amount of flexibility in this region. It is noteworthy that the presumed cause of the altered interaction uncovered by Osheroff et al. (1983) was an unusually close binding of cytochrome c with the oxidase that prevented the entrance of the reducing agent to the active site. The reduction in molecular volume and increased flexibility created by the presence of two glycine residues adjacent to the site of electron transfer is highly consistent with a change in CO11 structure that would produce an unusually tight binding with cytochrome c. This hypothesis will be open to verification as the structure of mammalian cytochrome c oxidase/cytochrome c complex becomes better refined.
The fixation of glycine at two adjacent positions in apes and Old World monkeys cannot explain observations made among New World monkeys. CO11 exhibits a high rate of nonsynonymous replacement along the New World monkey lineage (table 2) , and there is a punctuated rate acceleration for cytochrome c at the base of the higher primate radiation (Baba et al. 198 1; Goodman 1981) . Additionally, New World monkeys displayed intermediate behavior in the heterologous complexes formed in the study of Osheroff et al. (1983) . These findings indicate that the interaction of cytochrome c with cytochrome c oxidase has become altered among New World monkeys, although the basis of this potential change is unclear. One possibility is that a single change occurred at the base of the higher primate radiation to which New World monkeys and catarrhine primates achieved separate adjustments.
If this hypothesis is valid, one would expect to observe unique features of the cytochrome c/cytochrome c oxidase complex in both primate groups.
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